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Identification of a new subset of lymph node stromal cells involved in regulating plasma cell homeostasis
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Significance statement:
Lymph nodes are sites where adaptive immunity is initiated, leading to the generation of plasma cells secreting large amounts of antibodies that typically interfere with pathogen spread. Plasma cells are known to depend on extrinsic factors provided by niche cells to stay alive; however, the critical niche cells are still poorly understood.
Here we present evidence for a new fibroblast subset within murine and human lymph nodes that is unique to the medulla where plasma cells reside. These PC responses are crucial for systemic antibody-mediated protection upon infection, and are the main success reason of current vaccines. Upon B cell activation within LN, two anatomical niches critical for an efficient humoral response develop: PC foci within medullary cords (MC) and germinal centers (GC) within follicles (3, 4) . The extrafollicular B cell differentiation within MC allows rapid antibody responses to limit systemic spread of replicating pathogens. Typically, within 2-4 days after infection, proliferating plasmablasts (PB) are observed in outer T zones which differentiate into PC that take residence within MC and secrete large quantities of antibodies. This early humoral response of lower affinity usually lasts few days with only a small fraction of PC surviving several weeks (3, 4) . In contrast, the follicular B cell differentiation within GC allows the generation of memory B cells and PC of high affinity, with PC exiting the LN and homing to sites like the bone marrow (BM), where they can survive over months and provide long-term humoral protection starting around day 10-14 after immunization (4, 5) .
PC isolated from BM, LN and spleen are mostly short-lived when placed in vitro (6, 7) , raising the question about the critical support cells providing extrinsic survival signals in vivo. The prevailing view is that myeloid cells, including macrophages, DC and granulocytes, mediate PC survival within activated LN and spleen (4, 8) . This is based both on evidence of co-localization in PC-rich areas and expression of factors which can increase PC survival in vitro, including BAFF, APRIL, IL-6 and CXCL12 (4, 6, 8) . However, myeloid cells were found to be a minor source of BAFF and CXCL12 in vivo (8) , consistent with an important role for non-hematopoietic cells as BAFF source in the extrafollicular PC response (9) . In addition, in vivo cell depletion experiments showed that myeloid cells have either a positive role (10) , no role (11) or even a negative role in extrafollicular PC development (12) .
In the BM, fibroblasts form part of the survival niche for long-lived PC by producing IL-6 and CXCL12, along with hematopoietic cell types contributing BAFF and APRIL (4) . Poorly characterized fibroblasts from LN and spleen in mice and men were also shown to promote PC survival in vitro (7, (13) (14) (15) , raising the possibility that FRC-like cells within MC may contribute to PC homeostasis.
FRC expressing podoplanin (pdpn, also known as gp38) are found in all three peripheral LN (pLN) compartments, produce extracellular matrix (ECM) proteins and are heterogeneous in their localization, morphology and function (1, 16). T zone FRC (TRC) are the largest and best studied subset, forming a 3-dimensional cell network which physically guides lymphocyte migration (17) . They support T cell function through the secretion of the survival factor IL-7 and the chemokines CCL19 and CCL21, responsible for T cell and DC attraction, motility and retention within T zones (2, 16) . TRC wrap around a matrix-based tube system, called conduits, used for intranodal transport of lymph fluid and small molecules (18) . Within follicles two additional FRC subsets were described that express the naïve B cell survival factor BAFF and the B cell attractant CXCL13: MAdCAM + marginal reticular cells (MRC) localizing in the subcapsular region (19) , and MAdCAM -FRC in the outer follicle (20, 21 Importantly, using histological and functional assays we demonstrate that MedRC are a major structural component of the PC niche in the medulla guiding PC migration and residence, but also a potent source of PC attraction and survival factors. 
RESULTS
Histological identification of medullary FRC in murine and human LN
MedRC and TRC generate different extracellular matrix (ECM) structures
TRC produce functional conduits that they enwrap but it is not known whether similar features apply to MedRC. We observed a reticular staining for collagen I and IV as well as fibronectin, often in thinner structures than inside T zones but often colocalizing with pdpn + MedRC (Fig. 3A) . Consistent with these findings, all three FRC subsets express high levels of collagen11 and collagen12 transcripts, with a marked increase after immunization, especially in MedRC (Fig. 3B) . Given the high specificity of collagen 1 expression for fibroblasts, we used transgenic mice expressing GFP under control of the collagen 11 promoter (pCol-GFP) (27) Given that we saw a preferential expression of BAFF and IL-6 transcripts in FRC, especially MedRC, we wished to localize them in sections of activated LN, similar to our previous analysis for CXCL12 (Fig. 2F, G transcripts were also abundantly present within MC, besides their expression in B and T zones (Fig. 5C ). To further define the cellular sources of IL-6 and BAFF at the protein level, various cell types were sorted, cultured and assessed by ELISA. Ex vivo MedRC proved to be the richest source of IL-6 protein when compared with TRC, macrophages and DC (Fig. 5D ). In contrast, we failed to detect secreted or surface bound BAFF. Thus, our results suggest that within the PC niche MedRC are a major source of IL-6, BAFF and CXCL12, with hematopoietic cells contributing only APRIL and possibly IL-6 at comparable levels.
IL-6 is important for plasma cell differentiation or survival in peripheral LN
Given the predominant IL-6 expression by MedRC, we tested the in vivo role of IL-6
for the extrafollicular PC response. IL-6 competent splenocytes from OT-I and OT-II TCR tg mice were transferred into IL-6 deficient mice followed by OVA/Mont immunization, which allowed a normal T cell expansion (SI Appendix Fig. S6A ). On d5.5 and d8.5 after immunization, PB/PC numbers in the draining LN were reduced by 60% in IL-6 KO mice relative to controls ( . S6D ). Similarly, IL-6 neutralization had no effect on endogenous PC localization in MC and no or minor effects on their velocity and spatial displacement ( Fig. 6C-D ; SI Appendix Movie S7).
Thus, IL-6 may primarily serve as factor driving the development and/or survival of PB/PC, including possibly a role in isotype switching.
Medullary FRC and macrophages promote PC survival via IL-6 production
Genetic tools to selectively manipulate MedRC in vivo are currently lacking.
Therefore, we turned to in vitro co-culture assays to test whether MedRC and innate immune cells are capable of regulating PB/PC homeostasis. While all purified PB/PC died when cultured alone for 3 days, 10-20% of PB/PC were rescued in presence of FRC isolated from activated LN to an extent similar to recombinant IL-6 (Fig. 7A ).
This PB/PC rescue involved very little PB proliferation in vitro (SI Appendix Fig. S7A) indicating that this assay is mainly a readout for PC survival. PC numbers were preserved when PC were separated from FRC by a transwell filter, or when PC were cultured with FRC conditioned medium, suggesting the survival factor is soluble rather than membrane-bound ( (Fig. 7B) . PC survival by MedRC, macrophages or DC was almost exclusively mediated by IL-6, as was their capacity to boost IgM and, more impressively, IgG production (Fig. 7C, D) .
Combining the various cell types, each in suboptimal numbers, showed synergistic effects on PC survival and additive effects on IgG but not IgM secretion, with most of the effects mediated by IL-6 ( Fig. 7E ; SI Appendix Fig. S7D ). Interestingly, MedRC seem to be more efficient in promoting IgM/G secretion by PC than macrophages or DC, also indicating that PC survival is not predictive of Ig secretion levels which may depend on high IL-6 levels or additional factors. Collectively, these data demonstrate
DISCUSSION
In the current study, we characterized a new fibroblast subset that we termed PB/PC fail to localize appropriately within MC (2), suggesting that cells excluded from T and B cell zones need CXCL12 cues to either migrate deeper into the MC or to be locally retained in this region. Consistent with it, pertussis toxin treatment of mice reduced PC accumulation in MC but most PB migration appeared to be nondirectional, similar to previous evidence (28) . In vitro, PB migrate towards CXCL12 gradients in a pertussis-toxin dependent manner (2, 14) . Therefore, we propose that PB which have reached the outer T zone are either attracted or retained by the CXCL12-expressing MedRC. Additional factors, like accessible matrix fibers enriched within MC (36), may also contribute to PB/PC adhesion and retention.
Fooksman and colleagues have described the persistent linear tracks of PB in the LN T zone followed by the slower and much more confined migration of PB/PC once they have reached MC (28, 37) . We confirm these findings, and propose that the different migration strategy can be explained at least in part by PB/PC being physically guided initially by the TRC and later by the MedRC network, similar to the reported naïve lymphocyte migration along TRC and FDC (17) . The molecular basis for this PB crawling along the FRC networks remains to be defined, but may include ICAM-1 on FRC (28) . While the clearly decreased displacement of PC relative to PB is probably due to their terminal differentiation and therefore intrinsic changes, our While most of our study focused on mouse tissues, we have provided here first evidence for a similar fibroblast-based niche in MC of human LN. The markers described here and in a previous study (26) 
FRC isolation
Peripheral LN (pLN; axillary, brachial and inguinal) were dissected from sacrificed mice, cut into small pieces and digested for 30 min at 37°C with gentle stirring in 1.5 ml DMEM medium (Gibco) containing collagenase IV (3 mg/ml; Worthington), DNAse I (40 µg/ml; Roche), CaCl 2 (3 mM) and 2% (vol/vol) FCS (16) . Cells were then passed through a 40 µm strainer (Becton Dickinson), washed twice and resuspended in DMEM/2% FCS.
Flow cytometry and cell sorting
Cells were labeled as described previously (25) using Abs listed in SI Appendix Table S1 . Intracellular staining of chemokines was performed on surface marked cells fixed with 2% PFA, then permeabilized and stained in 0.1% saponin in PBS.
Rabbit anti-CCL21 and Goat anti-CXCL13 were detected with Alexa 488 or 647 coupled secondary antibodies. Data were acquired on a LSRII (BD Biosystems) and analyzed with FlowJo (TreeStar). Cells were sorted with a FACSAria Ib for RNA isolation directly into lysis buffer (RNeasy micro kit, Qiagen) or for cell culture into complete RPMI medium (Gibco).
MACS purification and survival assays of plasmablasts and plasma cells
pLN of mice (OVA/Mont d6.5) passed through a 40 µm mesh were depleted of naïve lymphocytes by panning (B220, TCR), then cell suspensions stained with anti-CD138 PE or biotin followed by anti-PE or Streptavidin magnetic beads, respectively, and finally enriched by magnetic-activated cell sorting (MACS; purity of 90-95%).
Occasionally, they were labelled with 5nM CSFE before the enrichment. Sorted stromal or hematopoietic cells were cultured overnight in 96-well plates followed by adding purified PC at approximately a 5-10 fold higher number (1. 
RNA isolation and quantitative real-time PCR
RNA was extracted using the RNeasy micro kit (Qiagen). First-strand cDNA synthesis, quantitative real-time PCR, primers and normalization were as described previously (16) or shown in SI Appendix Table S2 .
Immunofluorescence labeling of tissue sections
For murine tissue blocks, cryosections (8 µm) and labeling of naïve or OVA/Mont activated pLN were as previously described (16) . For details on antibodies see the SI Appenix Table S1 . Human pLN were obtained from transplant patients (ethics permit: CA/5192) and 5 m cryostat sections acetone-fixed before staining.
See SI appendix for more details.
In situ hybridization
The Ccl19, Ccl21, Cxcl13, and Cxcl12 'riboprobe' was cloned and used as described (16, 49) . The nucleotides 35 to 767 of Il6 (NM_031168.1) were used as a template for making a riboprobe. Cryosections of pLN were treated as previously described (16) . After in situ hybridization, tissue sections were stained with antibodies to B220 and laminin followed by fluorochrome-labeled secondary antibodies.
Microscopy and image analysis
Images were acquired either with an upright Zeiss Axioplan, a Zeiss SP5 confocal or a Leica DMI6000 spinning-disk confocal microscope. Images were treated using ImageJ (NIH), Adobe Photoshop or Imaris (Bitplane). Imaging of fibrillar collagen within LN of pCol-GFP mice was performed using SHG microscopy. To detect FRC-PC contacts, the colocalization tool in Imaris was used. Threedimensional (3D) reconstruction of sequential z series was performed using the surface tool of Imaris. For additional information see SI appendix.
Imaging of plasma cell motility within live LN slices
Live vibratome sections were stained for 15 minutes at 37°C with APC-conjugated anti-CD138 (281.2) and washed thereafter. In some experiments, pCol-GFP mice were treated with either IL-6 neutralizing (MP5-20F3, 10µg/mL) or control antibodies at day 2 and day 5 after SRBC immunization. For details see SI appendix.
Statistical analysis
Statistical analysis was determined with an unpaired two-tailed Student's t-test or one way ANOVA by Prism 5 (GraphPad). *, p<0.05; **, p<0.01; ***, p<0.001.
Detailed experimental procedures can be found in the SI appendix.
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